Prenatal cocaine exposure (PCE) is associated with long-term and negative effect on arousal regulation. Recent neuroimaging studies have examined brain mechanisms related to arousal dysregulation with cross-sectional experimental designs; but longitudinal changes in the brain, reflecting group differences in neurodevelopment, have never been directly examined. To directly assess the interaction of PCE and neurodevelopment, the present study used a longitudinal design to analyze functional magnetic resonance imaging (fMRI) data collected from 33 adolescents (21 with PCE and 12 non-exposed controls) while they performed the same working memory task with emotional distracters at two points in time. The mean age of participants was 14.3 years at time_1 and 16.7 years at time_2. With confounding factors statistically controlled, the fMRI data revealed significant exposure-by-time interaction in the activations of the amygdala and default mode network (DMN). For the control adolescents, brain activations associated with emotional arousal (amygdala) and cognitive effort (DMN) were both reduced at time_2 as compared to that at time_1. However, these activation reductions were not observed in the PCE group, indicating persistently high levels of emotional arousal and cognitive effort. In addition, correlations between longitudinal changes in the brain and in behavior have shown that adolescents with persistently high emotional arousal were more likely in need of high cognitive effort; and their cognitive performance was more likely to be affected by distractive challenges. The present results complement and extend previous findings from cross-sectional studies with further evidence supporting the view of PCE associated long-term teratogenic effects on arousal regulation.
Introduction
Prenatal cocaine exposure (PCE) has long-term effect on arousal regulation with ample evidence reported in animal (Johns, Means et al. 1992 , Romano and Harvey 1998 , Campbell, Bliven et al. 2000 , Salas-Ramireza, Frankfurt et al. 2010 as well as in human studies of neonates (Dipietro, Suess et al. 1995 , Regalado, Schechtman et al. 1995 , Karmel and Gardner 1996 , infants (Bendersky and Lewis 1998 , Coles, Bard et al. 1999 , Bard, Coles et al. 2000 , Schuetze and Eiden 2006 , Schuetze, Eiden et al. 2007 , Eiden, McAuliffe et al. 2009 , Eiden, Veira et al. 2009 ), young children (Bandstra, Morrow et al. 2001 , Dennis, Bendersky et al. 2006 , Bada, Das et al. 2007 , Kable, Coles et al. 2008 , Chaplin, Fahy et al. 2009 ), and adolescents (Li, Coles et al. 2009 , Chaplin, Freiburger et al. 2010 , Lester, LaGasse et al. 2010 , Li, Santhanam et al. 2011 , Li, Santhanam et al. 2013 . Specifically, individuals with PCE often exhibit a reduced threshold in response to perceived distractions, or salient but task-irrelevant stimuli, which in turn may compromise the availability of their attention resource for on-going cognition and behavior (Mayes, Grillon et al. 1998 , Mayes 2002 , Harvey 2004 . Arousal regulation refers to how different stimuli are gated to different cortical regions and reflects one's capability to adjust and allocate mental resources for distinct yet interactive streams of information processing (Damasio 1995) . The behavioral manifestations in children with PCE thus suggest an imbalanced gating of stimulation to limbic and cognitive regions such that allocation of processing resource is inappropriately biased towards salient but task-irrelevant information (Mayes 2002) .
In examining the neurobiological mechanisms of this PCE effect, our previous neuroimaging studies have shown that adolescents with PCE have reduced capacity to suppress brain activations in the amygdala (Li, Coles et al. 2009 , Li, Santhanam et al. 2013 and in the default mode network (DMN) (Li, Santhanam et al. 2011) , which is assumed to be involved in mediating task-irrelevant arousal. Neuroimaging studies from other groups also reported PCE-related morphological alterations in caudate , Roussotte, Soderberg et al. 2012 , amygdala , Rando, Chaplin et al. 2013 , and prefrontal cortex (Roussotte, Soderberg et al. 2012 , Liu, Lester et al. 2013 , Rando, Chaplin et al. 2013 , as well as activation alterations in frontal and striatal regions (Sheinkopf, Lester et al. 2009 ). These observations also may contribute to the anatomical and functional underpinnings of arousal dysregulation. However, as a newly emerging research field of PCE, neuroimaging studies to date have only been cross-sectional in design with brain changes over time in the same individuals not directly examined.
Adolescence is the period during which developmental and social problems become acute for children of substance abusing parents (Loeber and Farrington 2000) . For example, recent studies have shown in teens with PCE problems of social interaction ) and adolescent substance use , Chaplin, Visconti et al. 2014 . Although these problems may also be influenced by prenatal exposure of other drugs and environmental factors (Lambert and Bauer 2012) , may mainly occur in an emotional context (Mayes 2002) , or may simply reflect delayed maturation (Bennett, Birnkrant et al. 2015) , these findings still suggest the importance of a deeper understanding the impact of PCE on the developing brain, particularly on the interplay of cognitive and limbic systems. In typically developing adolescents, the ability to regulate emotion and attention increases substantially (Crone and Dahl 2012) with children demonstrating decreasing emotional arousal (Guyer, Monk et al. 2008 ) and increasing executive functioning (Giedd 2008) . However, while adolescents with PCE are known to be generally over-sensitive to salient but task-irrelevant distractions (Mayes 2002) , there is still a lack of direct evidence as to whether this teratogenic effect can be offset by neurodevelopmental changes associated with maturity.
To examine these questions, the present study analyzed fMRI data acquired from the same group of adolescents, with or without PCE, when they were performing the same working memory task with emotional distracters at two different times about 2.4 years apart. These adolescents were recruited from a larger sample designed to assess developmental effect of PCE (Kable, Coles et al. 2008 , Li, Coles et al. 2009 , Deshpande, Li et al. 2010 , Li, Santhanam et al. 2011 , Li, Zhu et al. 2013 , Li, Santhanam et al. 2013 and neuroimaging data was obtained twice from the same individuals. At both time points, the fMRI experiments used identical paradigm and stimuli that required participants to perform a working memory task while suppressing distraction from emotional pictures. The memory and emotion stimuli in this task were two streams of information competing for processing resources thus challenging individual's capacity for arousal regulation.
During the time_2 test, given that (i) brains are more mature, (ii) subjects are more familiar with the task and the imaging environment, and (iii) emotional stimuli are believed to be less salient/distractive with repeated viewing, it was hypothesized that the non-exposed participants would improve their memory performance with increasing age; and their brain activations would reflect reduced emotional arousal and less cognitive effort. For the exposed participants, based on aforementioned long-term effect of arousal dysregulation, brain activation changes related to PCE were expected to reflect either a delayed development or a deviant development. If the activation changes over time follow the same trend in the two groups but are only reduced for the PCEs, a delayed development would be noted; but if the activation changes exhibit a different trend in the two groups, a deviance interpretation would be supported.
Methods

Participants
Thirty-three adolescents (21 with PCE and 12 non-exposed) were included in the analysis for the present study. They were a sub-sample from our previous fMRI study of PCE (N=56) (Li, Coles et al. 2009 ). In that study (when time_1 imaging data acquisition occurred), PCE associated arousal dysregulation was examined with cross-sectional group comparisons. In this study, which includes imaging data acquisition at time_2, we scanned the same group of participants again with identical experiment settings for longitudinal comparison. However, the present sample size was reduced from N=56 to N=33 due to attrition at time_2 (11 were not located, 3 were not scanned for imaging-related concerns such as installation of teeth braces, 3 had excessive head motion, 2 had scheduling issues, 2 quit imaging before completion, 1 dropped for scanner malfunction, and 1 refused to re-participate). The present 33 adolescents are individuals with fMRI data available at both time points. They were not significantly (p>0.3) different from the time_1 sample of N=55 on any one of the following variables: birth weight, head circumference, gestational age, Apgar scores, birthmother's age, amount of prenatal drug and alcohol use, child's age at time_1 imaging, family monthly income level, verbal performance, and full scale IQ.
In the present sample, adolescents were on average 14.3 (SD=1.9) years of age at time_1 and 16.7 (SD=2.1) at time_2. The participants, predominantly African-American with low income and born during 1989-1994, were recruited from birth cohorts originally identified as part of two longitudinal studies of PCE effects on development (Coles, Platzman et al. 1992 , Brown, Bakeman et al. 1998 . Their detailed demographic characteristics are shown in Table 1 . Sources of information used to determine maternal cocaine and other substance use in pregnancy included medical records, maternal self-report following delivery (Coles, Platzman et al. 1992) , the Addiction Severity Index carried out at 6 weeks postpartum (McLellan, Luborsky et al. 1980 ) and postpartum maternal and infant urine screens. These measures also provided information about maternal use of cigarettes, alcohol and other drugs.
PCE group status was determined by maternal self-report and/or positive urine screens at recruitment postpartum. Positive maternal urine screens at labor and delivery and during pregnancy noted in the medical record were also accepted as evidence of use. Mothers were excluded if they used other drugs with teratogenic properties (e.g. Antabuse, seizure medications, warfarin, and insulin), benzodiazepines, antipsychotic drugs, or any addictive substances other than cocaine and marijuana. Mothers had to be 19 years of age or older, English speaking and free of major medical conditions. Additionally, their infants needed to be singletons or firstborns of multiple births and either healthy full term or preterm without major medical complications. Preterms who were less than 30 weeks of gestational age were excluded. Preterm infants and their mothers were subsequently dropped from the recruiting cohort if the infants developed the following complications during their neonatal course: received oxygen for more than 28 days, developed major infection, had seizures, were diagnosed with intraventricular hemorrhage grade III or IV, or with perventricular leukomalacia, were diagnosed with genetic disorders or major malformations, were HIV infected, or had major surgery. Additional information on maternal background characteristics and other substance use in pregnancy is provided in Table 2 . More information regarding the determination of substance use, participants inclusionary criteria, and classification of participants into experimental groups have been described extensively in previous reports (Coles, Platzman et al. 1992 , Brown, Bakeman et al. 1998 ).
Use of alcohol and drugs by adolescent participants was measured both through self-report and by the use of urine drug screens for amphetamines, barbiturates, benzodiazepines, marijuana, cocaine, opiates, and phencyclidine. Self-report measures at time_1 included modified versions of the Adolescent Alcohol Involvement Scale (Mayer and Filstead 1979) and the Adolescent Drug Involvement Scale (Moberg and Hahn 1991) . At time_2, selfreported measures included the TimeLine Followback Questionnaire, for alcohol (Sobell and Sobell 1992) and the Drug Grid (Coles, Platzman et al. 1992) .
At time_1, one individual in each group reported drinking alcohol as much as once a month, and 3 others (PCE: 2; control: 1) reported drinking once a year. Only one of these individuals (PCE) reported drinking at time_2, although an additional 4 controls and 3 PCE participants reported occasional alcohol use at this time ("several times a month" or less). At time_1, 5 teens with PCE reported having tried marijuana and 2 admitted using it up to twice a month. At time_2, 4 teens (PCE: 3; control: 1) reported daily marijuana use, and 2 PCE teens reported smoking marijuana "several times a month". Group differences for most of these self-reports were not significant (p>0.3) except for marijuana use at time_1, which was marginal in significance (p=0.086). Aside from these reports, other drug use was denied.
Results of urine drug screens were generally consistent with the teens' self-report. These data were based on toxicology samples taken on the same day of the MRI scanning. We have toxicology data from 32 participants at time_1 and all 33 participants at time_2. Of the 224 (32 participants × 7 drugs) measures completed at time_1, only 2 were positive with 1 for amphetamines and 1 for marijuana; both these participants were from the PCE group. Of the 231 measures completed at time_2, only 9 were positive. Eight of these positive screens were from the PCE group with 1 participant being positive for amphetamines, 6 for marijuana, and 1 of these 6 also positive for cocaine. The other 1 positive screen was for marijuana from a control group participant. No group differences in urine drug screens were noted (p=0.18 for marijuana at time_2; p>0.6 for all other measures).
Because the task paradigm involves emotionally negative pictures, which could affect subjects with different traumatic histories differently, children's reported social history (Platzman, Coles et al. 2001 ) was examined for evidence of stable custody arrangements and a history of physical or sexual abuse. Of 7 items related to stability and trauma (years at present address, changes in house hold composition in the last year, stability in custody, protective services involvement, reported abuse/neglect, school discipline problems and legal problems), only 1 item, changes in custody was higher in the PCE group. For this factor, 7 adolescents with PCE had changed caregiver versus 0 in the control group (Fisher's Exact Text, 1-sided, p=0.035).
All participating families consented for this study according to a protocol approved by Emory University's Institutional Review Board. Adolescents provided written assent and adults, including both caregivers and 18+ year olds, informed consent, to participate.
Task paradigm
To examine PCE associated arousal dysregulation, the experimental task and paradigm were designed for probing interactions of cognitive and emotional processes (Drevets and Raichle 1998 , Yamasaki, LaBar et al. 2002 , Northoff, Heinzel et al. 2004 , Dolcos and McCarthy 2006 , Li, Coles et al. 2009 ). Specifically, with emotionally neutral and negative pictures embedded in a presentation stream of letters for an N-back working memory task Jonides 1998, Owen, McMillan et al. 2005) (Fig.1) , the paradigm was a 2×2 factorial design involving 4 experimental conditions: 0-back memory with neutral picture distraction (Neu0), 1-back memory with neutral distraction (Neu1), 0-back memory with negative distraction (Neg0), and 1-back memory with negative distraction (Neg1). This task would elicit both emotional (negative vs. neutral) and cognitive (1-back vs. 0-back) brain activations thus enabling examinations of individual's capability in allocating mental resources for different processing.
In the task, participants were instructed to ignore the distracting pictures and to perform the N-back working memory task solely based on the presented letters. In the 0-back condition (low memory demand), they were asked to press a button whenever the displaying letter pair was "RR"; in the 1-back condition (high memory demand), they were to press the button whenever the displaying letter pair exactly matched the last one displayed. The distracting pictures were selected from the international affective picture system (Lang, Bradley et al. 1997) with adult normative ratings of the arousal/valence scores being 5.7/2.9 (SD=0.8/0.8) for the negative and 3.2/5.2 (SD=0.8/0.6) for the neutral pictures. Task block of the 4 experimental conditions (Neu0, Neu1, Neg0, and Neg1) was each repeated 6 times and pseudo-randomly distributed in 2 fMRI scan runs. In each task block, the instruction lasted for 3000ms, followed by trials each having the following structure: an uppercase letter pair presented for 500ms, a 750ms fixation cross, a 750ms presentation of the distracter picture, and finally another 250ms fixation cross ( Fig.1 ). There were 12 trials in each block and 12 blocks in each fMRI scan run.
Imaging data acquisition
Functional MRI data were acquired from each participant using a Siemens 3T MR scanner (Trio, Siemens Medical Solutions, Malvern, PA) with a 12 channel head coil and exactly the same imaging parameters at both time_1 and time_2. Specifically, a T2*-weighted echoplanar imaging sequence was used with TR=3000ms, TE=30ms, flip angle=90°, FOV=192×192cm 2 , volume measurements=120, slices/thickness/gap=30/3mm/0mm, and matrix=64×64. For anatomical reference and brain normalization, T1-weighted 3D structural images were also acquired with an isotropic spatial resolution of 1mm 3 .
Behavioral data analysis
For each of the 4 experimental conditions, index of accuracy (IDA) and reaction time (RT) were measured from each participant (Li, Coles et al. 2009 ). The IDA considered both response sensitivity and specificity and was calculated as
The RT was calculated only from correct responses. Both IDA and RT were analyzed with a repeated-measure ANOVA involving 3 within-subject factors of EMOTION (neutral vs. negative stimuli), MEMORY (0-back vs. 1-back memory demands), and TIME (1 st vs. 2 nd visits) plus 1 between-subject factor of GROUP (PCE vs. non-exposed adolescents) * .
Imaging data analysis
The present fMRI data were analyzed with AFNI (http://afni.nimh.nih.gov) within the framework of general linear modeling. Specifically, after the pre-processing pipeline of slice timing correction, volume registration, anatomy-to-EPI alignment (Saad, Glen et al. 2009 ), ICA-based artifact reduction (Tohka, Foerde et al. 2008) , and spatial smoothing (FWHM=5mm, AFNI's 3dBlurToFWHM), individual's 4D BOLD signals were submitted to a multiple regression analysis for regression coefficients (beta values) of the 4 experimental conditions to be estimated. The regressors involved were 6 parameters of head motion (nuisance regressors) and temporal profiles of task responses (regressors of interest) generated by convolving the boxcar stimulus functions with a standard impulse response function (Cohen 1997) . The obtained regression coefficients were then normalized to the base-line or constant fit of BOLD signal at individual level and transformed into the Talairach space (Talairach and Tournoux 1988) . For comparing across experimental conditions (EMOTION and MEMORY), across GROUP, and across TIME, these spatiallytransformed maps of regression coefficients were subsequently submitted to a voxel-wise ANOVA (Chen, Adleman et al. 2014 ). Finally, for controlling false positives caused by multiple comparison, a cluster threshold was applied, which was determined by a Monte Carlo simulation (AFNI's 3dClustSim).
Confounding factors control
Confounding effect controls in studies of PCE usually consider factors associated with prenatal multi-drug exposure and compromised socioeconomic status (Ackerman, Riggins et al. 2010 , Lambert and Bauer 2012 , Buckingham-Howes, Berger et al. 2013 . To control for these effects, 5 confounding factors were included as nuisance covariates in statistical models whenever a GROUP effect was involved in the analysis. These 5 factors are prenatal exposures of (i) tobacco (cigarette/week), (ii) alcohol (ounce/week), and (iii) marijuana (joints/week), as well as (iv) total monthly household income ($) and (v) changes of caregiver (yes or no). Due to the limited sample size that a neuroimaging study of PCE can typically achieve (Derauf, Kekatpure et al. 2009 , Ackerman, Riggins et al. 2010 , Buckingham-Howes, Berger et al. 2013 , it was statistically inefficient to consider all the confounding covariates simultaneously. Therefore, with a practical rule of thumb that number of covariates should be less than [(0.1 × sample size) -(number of groups -1)] (http://en.wikiversity.org/wiki/Advanced_ANOVA/ANCOVA), the 5 confounding factors were statistically controlled one at a time. However, if a group difference was significant in all 5 analyses when each covariate was individually controlled, statistics with all covariates simultaneously controlled were also reported.
Because self-reports and urine drug screens all indicated limited alcohol and drug use with only the current marijuana exposure approached a marginal level of group difference, statistical controls of adolescent's current substance use only included 1 variable, urine marijuana screen (positive=1 and negative=0). This factor was not modeled as a nuisance covariate in ANOVA because the using status changed with time. Instead, the effect was removed individually with regression analysis on all the behavioral and imaging measurements before ANOVA.
Results
Behavioral Results
Although the present task and stimuli were deliberately designed to minimize behavioral group differences for minimizing the possibility of ascribing brain activation differences to task difficulty (Li, Coles et al. 2009 ), the non-exposed participants generally performed better than the exposed (Fig.2 ) † but this general GROUP effect was not significant for either IDA (F 1,31 =0.37, p=0.55) or RT (F 1,31 =0.29, p=0.59). Compared with time_1, both groups generally increased memory accuracy and reduced reaction time at time_2. This TIME effect was significant for IDA (F 1, 31 =9.6, p=0.004, ɳ 2 =0.24) but not for RT (F 1, 31 =1.2, p=0.28). In examining factor interactions associated with either TIME or GROUP, only one significant interaction of EMOTION × MEMORY × GROUP × TIME for RT (F 1, 31 =4.6, p=0.039, ɳ 2 =0.13) was noted. This result shows that at time_1, negative distractions made the memory task more difficult for both groups (increasing RT difference of 1-back vs. 0back by 37ms for the control and 34ms for the PCE group); whereas at time_2, while negative distractions still made the memory task more difficult for the exposed adolescents (increasing RT difference by 46ms), this emotional interference almost disappeared for the non-exposed controls (increasing RT difference by only 3ms). When considering caregiver changes, family income, and prenatal multidrug exposure in the statistical model, this group difference generally held marginal when these confounding factors were controlled one at a time (controlling caregiver: F 1,30 =3.8, p=0.061, ɳ 2 =0.11; income: F 1,30 =3.0, p=0.095, ɳ 2 =0.090; tobacco: F 1,30 =3.2, p=0.086, ɳ 2 =0.095; alcohol: F 1,30 =7.6, p=0.010, ɳ 2 =0.20; and marijuana: F 1,30 =3.5, p=0.070, ɳ 2 =0.11).
Note again that the present task paradigm and stimuli were deliberately designed to minimize group differences on behavioral measurements (Li, Coles et al. 2009 ); so similar group performances or marginal group differences should not be considered as experimental evidence for negligible PCE effect on behavior. On the contrary, even though the RT interaction of EMOTION × MEMORY was deliberately made equal between groups at time_1 (37ms vs. 34ms), PCE effect emerges ~2.4 years later at time_2 (3ms vs. 46ms).
Functional MRI Results
With an activation threshold of p<0.05/voxel plus a 999mm 3 cluster (p<0.05 corrected), the voxel-wise ANOVA revealed two significant results: (i) one cluster of right amygdala (1080mm 3 , Talairach coordinates with RAI orientation: −24.9 4.7 −10.1, F max =8.5, p=0.007) showing an effect of EMOTION × GROUP × TIME, and (ii) two clusters of DMN (4779mm 3 , 5.3 49.0 23.6, F max =14, p<0.001; 2511mm 3 , −0.6 −53.5 17.6, F max =16, p<0.001) showing an effect of MEMORY × GROUP × TIME. These effects are visualized in Fig.3 and Fig.4 with the EMOTION effect calculated as the activation (beta value) contrast of [(Neg0+Neg1)-(Neu0+Neu1)] and the MEMORY effect as the contrast of [(Neu1+Neg1)-(Neu0+Neg0)].
The negative distracters activated bilateral amygdala of the control group at time_1; however, this activation in the controls was reduced at time_2 ( Fig.3 top left) . In contrast, the amygdala activation was not reduced but even increased a little for the exposed group at time_2 (Fig.3 top right) . This GROUP × TIME interaction of the EMOTION effect was found significant in the region of right amygdala shown in the bottom row of Fig.3 . For this region, the bar and line graphs depict activations elicited by the negative emotion at the group and individual levels, respectively. With the activation values averaged across all the voxels in this region of right amygdala, this interaction of EMOTION × GROUP × TIME was significant when controlling confounding factors of caregiver changes (F 1,30 =17, p<0.001, ɳ 2 =0.36), guardian's total income (F 1,30 =16, p<0.001, ɳ 2 =0.35), tobacco exposure (F 1,30 =9.2, p=0.005, ɳ 2 =0.24), alcohol exposure (F 1,30 =14, p=0.001, ɳ 2 =0.31), marijuana exposure (F 1,30 =14, p=0.001, ɳ 2 =0.32), or even when the income and prenatal multidrug exposures were all controlled simultaneously (F 1,26 =5.9, p=0.022, ɳ 2 =0.19).
Similar to the EMOTION effect observed in the right amygdala, MEMORY effect in the DMN is graphically compared between groups and time in Fig.4 . At time_1, both groups suppressed their DMN activation with an increased memory demand; however, this suppression was much attenuated at time_2 for the non-exposed youths but was even strengthened for the adolescents with PCE. This GROUP × TIME interaction was significant in DMN regions of medial prefrontal cortex and posterior cingulate cortex shown in the bottom row of Fig.4 . For the mean activation values of these regions, the interaction of MEMORY × GROUP × TIME was significant with potential confounding factors of caregiver changes, guardian's total income, and prenatal multidrug exposures controlled one at a time (controlling caregiver: F 1,30 =20, p<0.001, ɳ 2 =0.40; income: F 1,30 =16, p<0.001, ɳ 2 =0.35; tobacco: F 1,30 =8.5, p=0.007, ɳ 2 =0.22; alcohol: F 1,30 =16, p<0.001, ɳ 2 =0.35; and marijuana: F 1,30 =17, p<0.001, ɳ 2 =0.37), or also when they were all controlled simultaneously (F 1,26 =3.9, p=0.049, ɳ 2 =0.14).
Correlations between regional activations and behavior
The aforementioned data indicate that (i) emotional interference persisted over time in the PCE but decreased in the control group (behavioral data of RT); (ii) emotional responses in the brain persisted over time in the PCE but decreased in the control group (fMRI data of amygdala); and (iii) efforts to suppress task-irrelevant activity persisted over time in the PCE but decreased in the control group (fMRI data of DMN). With these results, a natural hypothesis arises that there could be correlations between these over-time changes of brain response and behavior. To test this hypothesis, the experimental measurements corresponding to (i), (ii), and (iii) were subsequently submitted to a bivariate correlation analysis. Specifically, the emotional interference in behavior was calculated as RT interactions of [(Neg1-Neg0)-(Neu1-Neu0)], the emotional response in amygdala was calculated as activation contrasts of [(Neg0+Neg1)-(Neu0+Neu1)], and the DMN suppression was calculated as activation contrasts of [(Neu1+Neg1)-(Neu0+Neg0)].
As shown in Fig.5A , there was a significant (r=−0.54, p=0.001) negative correlation between the over-time changes of amygdala activation and over-time changes of DMN suppression, suggesting that if one could not decrease his/her amygdala response (emotional arousal) at time_2, then he/she might need to suppress DMN more (more attentional effort). The group differences mentioned above also appeared again here in Fig.5A indicating that the exposed adolescents were generally still high on emotional arousal and with high attentional effort at time_2. Because higher emotional arousal means higher emotional interference on behavioral performance, one would expect a positive correlation between the over-time changes of amygdala activation and over-time changes of RT interaction. Indeed, that was the observation shown in Fig.5B although this correlation was not significant (r=0.28, p=0.12). The variable correlations shown in Fig.5A and Fig.5B have determined a negative correlation between the over-time changes of DMN suppression and the over-time changes of RT interaction; and this correlation (r=−0.30, p=0.094) is shown in Fig.5C . Of note, all the correlation statistics reported here were 2-tailed. However, as the correlation directions (being positive or negative) could be reasonably expected/hypothesized in Fig.5B and Fig.5C , 1-tailed statistics (thus increased significance) may also be appropriate.
Discussion
Prenatal cocaine exposure has been well documented to be negatively associated with brain development (Ackerman, Riggins et al. 2010 , Lambert and Bauer 2012 , Buckingham-Howes, Berger et al. 2013 , Coyle 2013 . While there is converging neurobehavioral evidence for specific PCE effects on arousal regulation and neurocognitive functioning, neuroimaging studies on neurobiological mechanisms are just emerging with implications for development and functioning in adolescence investigated even less. Attempting to gain more insight about the neurodevelopmental effects of PCE, the present study is the first to apply fMRI with a longitudinal design to this population. When exposed and non-exposed adolescents performed the same task at different ages, their brain activation changes differed across time in the amygdala and DMN regions.
Because amygdala is considered a critical region mediating negative emotion (Aggleton 1993 , Phelps 2006 , Holzel, Carmody et al. 2010 ) and the levels of negative emotion should be reduced when repetitively performing the same task (Bradley, Lang et al. 1993 , Breiter, Etcoff et al. 1996 , Wendt, Schmidt et al. 2012 , it was not surprising that a reduced amygdala activation was observed in the control group. However, the amygdala activation was not reduced at all for the PCE group during the time_2 test. In other words, the exposed brains still tend to trigger automatic emotional responses even when the distractors are no longer novel and even when individuals are more mature and able to cognitively deem the distractors' irrelevance. This result provides direct longitudinal evidence supporting the view that PCE is associated with a long-term and persistent compromise in the capacity to regulate emotional arousal (Kable, Coles et al. 2008 , Chaplin, Fahy et al. 2009 , Li, Coles et al. 2009 , Chaplin, Freiburger et al. 2010 , Li, Santhanam et al. 2013 . The persistence of this PCE effect could be due to the altered "fetal programming" of the hypothalamic-pituitaryadrenal axis (Lester and Padbury 2009) , which can put exposed adolescents at a higher risk for not only attentional and cognitive deficits but also for social behavior problems , for onset of stress-related diseases (Miller, Chen et al. Li et al. Page 10 Neurotoxicol Teratol. Author manuscript; available in PMC 2017 January 01.
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Author Manuscript 2007), and/or for teen substance use , Chaplin, Visconti et al. 2014 .
The present task involves attention allocation between working memory stimuli and emotional distractors. Since the PCE participants were still high on emotional arousal at time_2 relative to time_1, presumably they also need a high level of attentional effort to offset this distraction to achieve a behavioral performance comparable to the non-exposed adolescents. Attentional effort can be inferred by DMN activation as it reflects intrinsic mental operations that need to be suppressed/suspended to facilitate specific and goaloriented tasks , Raichle, MacLeod et al. 2001 , Raichle and Snyder 2007 , Anticevic, Cole et al. 2012 . While the older controls have shown the typical increase of this intrinsic processing during development (Sun, Berl et al. 2013) , the older PCEs exhibited a sustained suppression of this intrinsic operation. The implication for this finding in development is two-fold. On one hand, this can be a neural compensational mechanism for the maturing adolescents with PCE as they do exhibit capability of keeping goal-oriented attention focused with distraction. But on the other hand, it also suggests a limited span of attentional resource available to the exposed than to the control adolescents.
In more challenging situations, either with a higher cognitive demand or increased distraction, the exposed adolescents could be more vulnerable than their non-exposed peers due to this relatively limited amount of spared mental resource. In supporting this point, Savage and colleagues actually have already shown this pattern of behavioral group differences (Savage, Brodsky et al. 2005) . They compared behavioral performances between PCE and control children during a "vigilance" task, which "measures the child's ability to focus attention", and during a "distractibility" task, which is a "more difficult version of the vigilance task" with distracting factors. In their results, the two groups performed equally well in the "vigilance" task but the exposed group performed worse in the "distractibility" task. Similarly in the present study, although behavioral group differences were deliberately minimized and generally insignificant, adolescents with PCE tended to perform worse in the most challenging condition of "Neg1" (Fig.2) .
While our previous cross-sectional studies have shown limited capacity for adolescents with PCE in coping with distractive challenges (Li, Coles et al. 2009 , Li, Santhanam et al. 2011 , Li, Santhanam et al. 2013 , the present longitudinal data have further confirmed that this limited capacity tends to persist over time. In the current task, memory performance is challenged by emotional distractors either at a low (neutral) or high (negative) level, and this emotional challenge can be measured by the interaction effect of MEMORY × EMOTION. At time_1, the two groups both exhibited this challenge effect with the RT interaction being 37ms for the control and 34ms for the PCE adolescents. However, at time_2, the negative distractions no longer affected memory RT of the controls (interaction reduced to 3ms) but still affected memory RT of the PCEs (interaction still high at 46ms). When behavioral data are correlated with imaging measurements, individuals who were not able to cope with distractions well at time_2 also did not reduce amygdala activation and needed to suppress DMN more. In a recent review of PCE and adolescent development (Buckingham-Howes, Berger et al. 2013) , the elucidation of relations between brain measurement and behavioral functioning has been identified as one of the future directions for neuroimaging studies of PCE. Besides the recent report of correlations between gray matter volume and substance Li et al. Page 11 Neurotoxicol Teratol. Author manuscript; available in PMC 2017 January 01.
Author Manuscript use initiation (Rando, Chaplin et al. 2013) , the present study revealed additional aspect of brain-behavior relationship in neurodevelopment.
The mean ages of 14.3 and 16.7 at the two tests do not imply that the observed effects are specific to brain maturation between these ages. As shown in Table 1 , Fig.3, and Fig.4 , the ages of both groups actually were widely distributed ranging from ~12 at time_1 to ~19 at time_2, covering almost the entire temporal duration of adolescence. Therefore, the present data may represent a general effect of PCE over a wide range of ages. The compromised emotional arousal is likely to be an issue for exposed adolescents regardless of specific age, and this issue is likely to persist with increasing age. However, the present task-state fMRI can only measure a mixed effect of neurodevelopment and task repetition. While the effect of GROUP × TIME does reflect PCE associated arousal dysregulation in both situations, the within-subject factor of TIME does not disentangle how much of the observed effects can be attributed to neurodevelopment and how much to task repetition. Instead of the 2-level factor of TIME, we have also attempted at a longitudinal modeling (using AFNI's 3dLME) with a continuous factor of chronological AGE, but this analysis exhibited no significant result. The lack of an AGE-modeling result could be due to the limited sample size across a relatively wide age range.
The present analysis did not show significant effects of GROUP or GROUP × TIME in dorsal-lateral and ventral prefrontal regions, in which we previously identified PCE effect with a larger sample size in cross-sectional studies at time_1 (Li, Coles et al. 2009 , Li, Santhanam et al. 2013 . It may indicate that the GROUP differences seen at time_1 are changed at time_2, but this change is not big enough to reveal a significant GROUP×TIME interaction. Besides effect size, sample size is certainly the other factor determining the significance. Due to increased expense and complexity (than neurobehavioral studies), limited sample size is typical in neuroimaging studies in this population (Derauf, Kekatpure et al. 2009 , Ackerman, Riggins et al. 2010 , Buckingham-Howes, Berger et al. 2013 ). However, while this longitudinal sample is relatively small, the present findings offset this shortcoming by directly revealing longitudinal changes, by attributing behavioral manifestations to specific regional brain alterations, and by confirming cross-sectionally identified vulnerability in amygdala and DMN (Li, Coles et al. 2009 , Li, Santhanam et al. 2011 . The small sample size in controls is also offset by the consistent activation patterns with previous studies, where reduced emotional arousal and enhanced attentional capacity were reported in typical development of adolescents (Giedd 2008 , Guyer, Monk et al. 2008 ).
Related to sample size, limitations of the present study also include the simplified control of social environmental variables. Though we generally refer the observed group differences as PCE effect, it is possible that we are actually reporting a mixed effect of the teratogenic exposure and associated environmental influences. With limited statistical power, caregiver changes and family income (poverty) were the only 2 social environmental risk factors controlled, but many other risk factors (e.g. insensitive parenting) were still left unconsidered. Though impairments of attention and self-regulation were consistently reported in large-sample neurobehavioral studies with environmental variables better controlled (Ackerman, Riggins et al. 2010) , additional clarification would benefit as well from collaborative large-sample neuroimaging like the effort made in similar population of prenatal alcohol exposure (Mattson, Foroud et al. 2010 ).
Conclusion
Prenatal cocaine exposure is associated with persistently high levels of emotional arousal and interference in neurodevelopment of adolescents. Correlating with behavioral measurements, longitudinal neuroimaging observations complement and extend neurobehavioral and cross-sectional evidences supporting the view that PCE may pose a long-term teratogenic effect on arousal regulation.
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Figure 1.
Schematic diagram of the experimental paradigm. Each task block began with an instruction asking subjects to either perform the 0-back or 1-back working memory task. The letter pairs were interleaved by fixation crosses and distracter pictures (duration labeled). These pictures were either neutral or negative (only negative pictures shown here) within each fMRI block. The blue/red hands indicate the display on which a button response is required for the 0back/1-back task. This figure is reproduced from our previous publication (Li, Coles et al. 2009 ) with permission obtained from the publisher. Pairwise correlations between the over-time changes (2 nd -1 st ) of RT interaction, right amygdala activation, and DMN deactivation. Regression lines have been provided for each group (PCE: magenta; controls: dark yellow) as well as for all participants combined (green). Other substance use in pregnancy Tobacco -cigarettes/week (n = 32) 11.7 (40.4) 62.5 (49.9) 0.006
Alcohol -oz. absolute alcohol/week (n = 32) 0.0 (0.0) 1.0 (2.2) 0.050
Marijuana -Joints/week 0.0 (0.0) 1.9 (3.5) 0.019
a If data are not available for all participants, the n used for the analysis is stated next to the variable name.
b Independent sample t-tests were completed for the continuous variables; chi square analyses were completed for categorical variables.
